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Using the .1ight scattering matrix elements measured by a polar

nephelometer, a procedure for estimating the characteristics of

atmospheric particulates was deveioped. A theoretical ltbrary data

‘'set of scattering matrices derived from Mie theory was tabulated for

a rahge of values of the size parameter and refractive index typical

of atmospheric particles. Integration over the size parameter yiélded
the scattering matrix elements for a variety of hypothesized particu- -
late size distributions. A least squares curve fitting technique was

used to find a best fit from the library data for the experimental

. measurements. This was used as a first guess for a nonlinear Iterative

Inversion of the size distributions. A real index of 1.50 and an
Iimaginary index of ~-0.005 ére representat!#e of the smoothed inversion

results for the near ground level atmospheric aerosol in Tucson.



I. Introduction »

Angular light scattering data from the atmosphere near ground level
were obtalned with a polar nepheiameter designed and constructed at the
University of Arlzona.‘ The anghlar scatterlng:measurements made with
this instrument were processed to acquire the four scattering matrix

‘elements due to particulates from a set nf four Intensity measurements
at each of a n@mber of scattering anglie:. The best data available
from the instrument were used for analysis of particulate characteris-

tics.

In order to analyze the experimental results, Mie theory, which
assumes homogeneous spheres, was applied to develop a theoretical
particulate scattering representation for comparison. Mie theory
accurately describes the scatter from the small, typically irregular
particles found in the atmosphere, however larger particles (in the
Mie regime) are not particularly well represented.2 Papers have
appeared recently on develop!n§ a theory to correct for the discrepan-

3,4 however further development is necessary before these methods

cles,
can be applied to the extent needed for this study. Therefore, due to
the difficulties involved in non spherical anaiysls and the methqd of
data acqulsition,l Mie theory was necessarily used for the calculations
in this paper.

An inversion of the light scattering data was necessary to obtain

the best possible representation for the particulates. The application

of Inversion methods for remote sensing has been a region of expanding'

activity since computer development made the necessary manipulations

tractable. Early techniques included the Phillips-Twomey linear

5,6 7

inversion that was applied by fwomey to extract vertical temperature
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profllés in the atmosphere. This |inear method has been used extensfvely'
with success In the analysis of atmospheric partfculates from multiwave-
leﬁgth extinction data;a‘g

The Inversion of atmospheric aerosol angular scattering data to
obtain particulate information has typically Aet with only marginal
success. . Westwater and Cﬁhen'é felt that the'Backus-thbert inversion’
céula retrieve size distributions with angular scattering data from

thelr theoretical study with multiwavelength scattering. Postl'

applied
this method to multiple angle scﬁtterlng measurements from water droplets,
but had poor results at sizes below 10um In radius. Both Post and

Westwater and Cohen used narrow sfze d!str!butions'and still had a

. deterioration of results at small sizes. Some success has been achieved

in inverting bistatic lidar data of atmospheric paurt:h:&.slates'2 with the

Iinear method, but only a very limited data set was available.'3
The reasons for using one inversion gcheme over another are almpst

as varled as the investigators, however the nonlinear algorithm technique

" has shown promise in retrieving particulate size distribu-

of Twomey
tions and was chosen on>thls basis for application to angular scattering

measurements {n this paper.

II. Data Evaluation Method
An estimate of the size distribution and refractive index of an

atmospheric sample Is made by comparing the four scattering matrix'

elements measured at various angles with the nephelometer with elements

produced by theoretical size distributions for various Indices of

refraction. A library data set on magnetic tape was created using a
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subroutine by Dave‘s for scaftering by a sphere. Matrix elements were
recorded for 500 stze.paramaters Io,s(n.z)too,ll'at evary‘tntegral angle
[0°(1°)180°] of scatter for ali combinations of a set of real Indices of
refrac;toﬁ {1.4%o0, l.hS.»!.SOP 1.64, 1;60] and‘!@aginary indices of refrac-
tlon [0.0, -0.003, -0.005, -0.01, ~0.03]. (Size parameter, a, Is 21
times the particle radius divided by the wavelength ofvinc!dent light,
o;§!h5 um In this casé.) The range of ;eal indices was chosen to encom-
pass a rég'ton from near that of water' up past that for silicates. Thé

imaginary Index values vary from ho absorption as for water to a value
16 o

e

’ of -0.03 which Is near what King'® has observed.

' Subsequen;ly, these data are tntegratéd over the size parameters
for Junge and two-slope size distributions (Figs. 1-3): fhe Junge
size distributions are calculated by Qettiﬁg

dN L gD : (1)

where N Is the partlclé numbér concentration, r is the particle radius,
C is a normalization value set to give 100 ug/m® mass loading, and v
varies over a tyétcal range from 2.0 to 4.0 tn 0.2 steps. The two-slope

size distributions are calculated by setting
r v2
dy _ (1 + (r/rg) ™2

| c
0w o™

@

where all combinations of A" 0.04 ym, r, = 0.4 énd‘l.o um, v; = 2,0,

B
' 3.0, and 4.0, and v, = 0.0, 1.0, and 1.5 are used. These parameters
were chosen to give turnover values between 0.01 and 0.1 um. These are
above the values observed by Twomey,%7 but a higher turnover point is

necessary (f any effect were to be observed on the scattering data.
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Comparisons are made between these size distributions and real

data bylnlloulne the mass loiding to vary to glve a best least squares
- fit. The qat}ity’of the fit s determined by the stze of H, glven by
a-:(b‘-;a) D - (3)
where § is ovaluated at zd l:dtz for a min!mum H and functions as a
mass loading. adjustment to obt;ln the best fit. b is the observed aerosol
xscatterlng matrix element, and d‘ 1s the correspondlng theoretical
aatrix element normalized for 100 ug/m3. Biasing of the data according
to scattering volume is also used. Outside the range of the size
pefemeters on tape, the number concentrations are inadequate (for any
realistic size distribution and visible wavelengths of 1ight) to affect
. the observed scatter and are neglected. The tabuiated comparisons are
evaluated to find the best.least squares fit with reasonable mass loading
Vand to obsefve any tendencies such as senéttl#lty to the narameters that
are varied.
Due to the s!milar!ty of many of the kernels, ltttle Information
s gained by using a complete range of angles to obtain a size distribu- -
t!on: The addlt!onal time involved in making excesstve measurements can
also be detrimental due to possible changes in the sampled aerosol.
‘Therefore, considerat!on should be given to which angles are most
critical. Angles where the scattered 1ight s minimal have more error
and should be avolded Also, angles where the scattered radiance changes
very quickly are affected more by positioning error in the detector. .
By considering angular scattering measurements made on monodisperse

partlcles.z one flnds that for larger nonspherical laboratory aerosols,
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~ Mle theory secms to hold best fof‘angles less than about 40 degrees.

Smaller aerosols (as they approach the Rayleloh regime) tend to- follow
Mie theory'quiie well. This i?ads one to inspect where the larger
aerosols contribute to the scatter. By looking ;t Figs. &4 and 5, one
observes that the difference due to the large aerosols Is limited

mainly to the forward few‘degrees; This not only implies that Mie theory

should hold better for a typical aerosol size distribution than for

single large aerosol studies, but that if one desires Information con=

tent from the larger aerosols, measurements must be made in the forward

direction or little information above 1 um Is obtained for typical size
7/

‘distributions.

III. (nversion Technique

Continuing with the next step, the inversion method is considered.

18

A nonlinear algorithm was developed by Chahine = which essentially

assumed delta functlions for kernels but acquired Inherent Instabilities

due to Increased high frequency content when measurements were numerous.

14 to include the entire

Chahine's algorithm was modified by Twomey
nonzero region of the kernel. This eliminated the detrlﬁental factor of
superfluous data and, in féct. caused the.lﬁversion to improve w!fh
additional data‘due to an effectlve decrease in measurement error.

The nonlinear inversion has also shown ahAablllty to cope with measure-

ment errors, which greatly strengthens its pésition in application to

the aerosol size distribution problem. The iterative algorithm Is
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, f (r)k(r,s)dr L k(s),.,
whe;e fe(r) s the initial guess size distribution, k(r,s) is the kerne!
valu§ (the theoretlcal scattering matrix element for.| single particle),
g(s) is the actual measur;d scattering matrix element for the collection
of particles, and f'(r) Is the modiffed size distribution. Varlable r
refers to the particle radius or size parameter, and variable s refers
to a specific matrix element maasuéement. Examination of the kernels
shows that a lot of fine structure typically occurs (Figs, 6-9), particu-
larly near backscatter. Whereas this might be expected to be beneficial

- for fine resolution, in practice this structure is too high a frequency to

be effective in improving the Inversion accuracy. Since atmospheric aero-
sol size dtstf{;ut!ons do not seem to have these wild oscillations and
ne!tﬁer do the observed scattering measurements, the fine structure would

not seem necessary to resolve that dafa even If It were effectively usable,

In fact, it might be deslrable to use smoothing of the kernel to as#lst in
obtaining a stable solution. The pdwen spectra of the kernels also show
that thé middle frequencles are ofteﬁ deficient (Fig. IO); and occasionally
even low frequencleé are absent (Fig. 11). This Is a strong negative factor
in the application of scattering kgrnels to lpverslon techniques.

Simple quadrature is used for the integral Qlth the kernelslbetng

read from magnetic tape. Each data value is successively iterated once

through all the particle sizes on tape, modifying the size distribution
according to the kernel's welghting effect. The weighting is scaled to
less than or equal to one Sy dividing by the maximum kernel value for a
'part!cu!ar angle and matrix element. After each unknown In the set has

been determined from the first lteration, the process is repeated untll
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the final distribution Is obtained, Although the inversion lends itself

easily to programming, care s stil] required in its application.

IV. Inversion of Theoretical Data

. Inltlal runs of the Inversion program were made on data generated
from Nie theory to establ ish the accuracy of the inversion with scattering
kernels. The nephelometer measures the radiance of light scatter which
ls a function of the particles' scattering cross sections times their
concentrations. [t was necessary fo weight the scattering kernels
according to an initial, first guess size distribution to obtain reasonable
results. Otherwise, there was a strong tendency for the Inversion to
adjust the large particle concent(atlons to the point of Instability.
The runs were made using only the M, and MI elements1 from five forward
angles and two backward angles. These were chosen to maximize information
content with a minimum of data. A speclal problem occurs in applying
Inversions to the SZI and Dzl elements as it is pessible for the theoreti-
cal and measured values to be of opposite sign due to errors in the
measurements or in the first guess size distribution., This would imply
a negative particle concentration that s not allowed. Runs were made
with theoretical data from Junge distributions. A v of two, index of
1.54" - .0051, and mass loading of 38 ug/m? were used for a first guess,
as these values produced a close fit for one of the real aerosol ruﬁsi
A method of overrelaxation was settled upon as the best technique for
applying the algorithm. [t has the form$t

()= 0+ () (5)
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where .
- -‘-_Elél____ - k%r,s) ‘ 6
" Ef (r)k(r,s)dr _‘J: $) ax | (6)

The absolute value of M is r;!sed to the power R, and that quantity takes
the same positive or negative sign as M.

Not only did overrelaxation with values of R less then one speed
up convergence, but It improved the results gresatly (Fig. 12). Too large
of an overrelaxation, however, caused oscillations. A value of 9.7 for R
produced the best stability and convergence although 0.5 gave the fastest
convergence. Excessive [terations are not only costly, but tend to pro-
duce a more highly structur;d.‘atyptcal size distribution. This Is
. avolded by terminating the [terative process after successive [terations
with less than 0.2 percent Improvement in error.

The inversion program was run with theoretical data to observe the
effect of varlous size distribution first guesses on the results of the
inversion. Large differences between the actual and initial guess mass
loading were difficult for the inversion to handle If no internal mass
loading adjustment is Included in the program (Fig. 13). This serves
to point out graphically the slzé range of Iﬁformatlon content of the
data and the kind of structure'thaf can occur due to the oscillatory
nature of the kernels. The response In the reglén of information
" content Is adequate to {ndtcate the proper correction necessary (i.e. "
higher or lower) In the mass loading. Differences between the actual
and initlia) guess v values (Fig. 14) have much less effect on the

Inversion. Examination of the region of convergence does show that the
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scattering Is mainly sensitive to particles in the 0.2 to 2 um range
and subsequently, this Is the region where results are applicable.

Random error was added to'the theoretical data to observe fits
effect on the tnversion. Nelther 4 nor 11 percent error had a signifi-
cant effect on the Inverted size distribution. This result is essential
to obtaining realistic Inversions with experimental data. The convergence
llﬁtt on the error (Fig. 15) was, In fact, indicative of the percentage
srror in the data; however, more study of this point Is necessary for
verification.

The linear inversion method was also applied to this problem initially.
However, 1t could not invert the dita unless the error level was | percent
~or less. This is an unrealistically low value, especlally since Mie theory
alone can account for more than ! percent'érror; Therefore, the linear

method was dropped.

V. Experimental Results
. After checking the ability of the Inversion to reproduce theorctical
dats, experimental date wcré snalyzed.
A. Curve Fitting

By comparing the experimenta! data with the theoretical library
data, » best fit was obtalned. Typically, about 20 scattering angles
~ with four matrix elements at each angle were used. The fit was weighted
by the cosecant of the scattering angle to allow more bias for larger
scattering volumes. After checking the data fit with matrix elements
produced by both Junge and two-slope size distributions and using trun-

cated data sets that excluded measurements of smaller magnitude, an
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estimate for the aerosol size distribution was obtained. The~nephelometcr

runs for Harch 9th were averaged and gave a Junge bost fit with
m = I.SO 0031, v = 2.1, and mass loading = 38 ug/a . The two-slope
best fit for the same data wis m= 1,50 - ,0031, vy » 2,0, v2 = 0,
A" .0k um, rg ® 1.0 ym, and mass loading = 80 vg/m,.
The mass loading Is not extremely critical as the largest particles
dominate this value while thay have much less effect on the actual
light scatter on which the measurements are based. Another set of
runs on March 10th was averaged to ylcid a Junge best fit with .
me= 1.47 - 0051, ve= 2.0, and mass loading = 47 ug/as'nnd two-slope it
_withm= 1,50 - .00ki, vy = 2,0, v, = 0,0, Fa® .0k um, rg = 1.0 1,
" and mass loading = 100 ng/ma. Figs. 16 end 17 show typical graphs of
the experimentally measured matrix elements plotted in comparison with
the theoretical data produced by the corresponding best fit size distribu-
tion. As expected, the curves match closely near the forward direction
which is where Mie theory is belleved to hold best and where the strongest
welyhting is placed on the least squares fit. The two-slope and Junge
distributions which gave the best fits are of similar form over the size
range of Information content. Therefore, the simpler Junge diitribution
was chosen for combining the March data which gave an overall aerosol
characterization of m = 1.49 - 0041, v = 2,0, and mess loading = kO ug/mé.
The strongést sensitivity for the ranges of parameters under con-
sl&erltlon was observed to be the size distribution slor-., next in
importance was the Imaginary Index, and the least sensitive was the

real index.
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8. lnversion of Size Distributions

Further improvement I(n the size distribution estimate Is attempted
by using the ilbrary data closest to the curve fitting results as a
flr;t guess for the lnverilon. Falrly cons!strﬂt results are obtained
by the Inversion (as shown by Fig. 18 for the March 9th data) even If the
initlal v value is varied above or below the curve fitting results.

The convergence of the Inversion Is shown by the RMS error smoothly
approaching minimum vaiues as the number of iterations Increases (Fig. 19).
Even when the initial guess Is greatly in error from the data, the RMS
error i(terates down to the 15 percent range which Is representative for
all the runs. Attempts were made to improve the minimum RMS error of
the iterated lnverstén by using different indices of refraction; however,
this exercise just verified the choices of the curve matching technique.
Probable causes of this large of a convergence limit (If it Is truly
indicative of the experimental error) are covered in a preceding paper.‘

Other inverted size distributions with various initial guesses are
shown in Figs. Zq and 21, Twelve Inversions were averaged and smoothed
to obtaln a representative Inverted size distribution (Fig. 22). The
results are most closely modeled by a Junge size distribution with
m=1.50 - .035{, v= 1.8, and mass loading of about 60 pg/ma. The curve
is purposely truncated so that only the region of sensitivity is shown,

A maximum aeroso! number concentration (or turnover point) of the size
distribution s not observed since the sensitivity of the kernel drops
of f sharply below 0.2 um while typical turrover points occur near 0.01 um

for the ground level Tucson aerosol.

(1)



VI. Conclusions and Further Study

The tschnique developed in this paper has yielded estimates of
atmOSpherié aerosol characteristics--vis., size distributions and real
and lmaglhary indices of refraction--from measurements of matrix
scattering elements at various angles. The results are reasonable in

comparison with other work' 222

in ihts field,rand the size distributions
match quite well near 0.1 um with nuclepore filter measurementsl6 that
were made at the same location but are sensiiive to parflcles from

0.1 um on down. To achieve a characterization of the ground levél

Tucson aerosol, measurements should be made routinely over an extended
period. |

Improvement in the stability of the inversion technique might be
achieved by smoothing the kernels to remove the higher frequency informa-
tion. Further sophiétication could be achieved by expanding the inversion
routine to include flttingAthe inversion results to a smooth analytic
function and using this as a new first guess.

A detalled study of the information content would be of special
interest. Initial work In this area has shown that the scattering data
used in this study are in the region of optimum information content.

This could lead to an Instrument with a minimum number of fixed detectors
set at carefully chosen angles which would eliminate the need to move
the detector and speed the measurement time.

The author would like to thank Dr. Benjamin A. Herman and Dr. Walter H.
Evans for their assistance on this project. This research was funded by
the Office of Naval Research under Grant #N0J014-75-C-0208, and computer

time was furnished by the Natlonal Center for Atmospheric Research which

i{s sponsored by the National Science Foundation, under project #35021004,
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Figure Captions

ng. 1.  Junge size distribution curvés.

Fig. 2. Two-slope size distribution curves.

Fig. 3. Scattering element M2 integrated over Junge size distributions.
Fig. 4. Scattering element SZI tntégrated ovér a Junge size d!stribdtion
for iwo particle size ranges.

Fig. 5. Scattering element Mz intégrated over a Junge slze distribution
for two particle size ranges.

Fig. 6. Weighted scattering element M, for single particles.

Fig. 7. Weighted scattering element M' for single particles.

Fig. 8. Scattering element M, for single particles.

Fig. 9. Scattering element Mz for single particlés.

Fig. 10. Power spectrum of My-

Fig. 11. Power spectrum of Dyy -
Fig. 12. Convergence of i{terative inversion for theoretical data with
no error.

Fig. 13. Theoretical size distribution inversions for various mass
loading initlal guesses.

Fig. 14, Theoretical size distribution Invérsions for vartods Junge
slope initial gueéses.

Fig. 15. Convergence of iterative inversion for theoretical data with
11 percent error.

Fig. 16. M, scattering matrix element.

2

Fig. i7. S,, scattering matrix element.

2]
Fig. 18. Size distribution inversions for March 9th experimental data.



Fig. 19. Convergence of iterative lnversion for experimental data with

various mass loading initial guesses.

Fig. 20. Size distribution inversions for March 4th expérimental data.
Fig. 21. Size distribution inversions for March 10th experimental data.

Fig. 22. Average of inverted size distributions.
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